Abstract An autotrophic biological process for the treatment of nitrate-contaminated drinking water was studied in the laboratory, with the objective of developing a continuous system which would be simple, stable and amenable to upscaling. Hydrogen generated by electrolysis of the water to be treated was the source of energy for denitrifying microorganisms. Two main process configurations were compared: (1) a single reactor where both the generation of hydrogen and denitrification took place, and (2) a two-reactor system where water was first enriched with hydrogen in an electrolysis cell prior to entering a packed-bed bioreactor. The reactors were operated in a continuous mode and granulated activated carbon served as physical support for the biomass. Although the highest rates of denitrification (0.45 kg N m -3 d -1 ) and the shortest residence times (removal of 18 mg N l -1 in 17 min) were obtained in the single-reactor system, the two-reactor system was more stable and more suitable for upscaling.
Introduction
Biological denitrification is a mechanism by which certain bacteria use nitrate as the terminal electron acceptor in their respiratory process, in the absence of oxygen. Denitrification consists of a sequence of enzymatic reactions leading to the evolution of nitrogen gas. The process involves the formation of a number of nitrogen intermediates and can be summarized as follows:
Denitrifying bacteria are ubiquitous in nature (Gamble et al., 1977; Zumft, 1992) , and biological denitrification treatment consists of the provision of suitable carbon and energy sources which may be organic or inorganic compounds. Hydrogen gas is one of the possible sources of energy for denitrifying bacteria although growth under autotrophic anaerobic conditions is thought to be restricted to Paracoccus denitrificans and closely related strains (Aragano and Schlegel, 1992) . Hydrogen gas is an ideal energy source for biological denitrification in the sense that it is completely harmless to potable water, and no further steps are required to remove either excess substrate or its derivatives which is the case with other organic (e.g., methanol, acetate, ethanol) and inorganic (e.g., sulfur) substrates. In addition, since only a few species can carry out H 2 -dependent denitrification, the production of biomass is low. However, the use of H 2 has been limited by two of its inherent properties: formation of flammable and explosive mixtures with oxygen, and very low solubility in water (1.6 mg l -1 at 20ºC).
A number of denitrification systems have been described in which compressed hydrogen gas was used. Kurt et al. (1987) studied a bench-scale fluidized bed reactor in which a residence time of 4.5 h was required for complete denitrification of water containing 25 mg nitrate-N l -1 . A commercial-scale process known as DENITROPUR was developed by various authors and operated in Mönchengladbach, Germany (Gros and Treutler, 1986; . The process incorporated a hydrogen saturator, addition of phosphate and carbon dioxide, a number of packed-bed reactors in series, post-aeration, floculant addition, filtration, and UV filtration; residence times of 1-2 h were required to remove 50 mg l -1 nitrate. Dries et al. (1988) used a two-column system in which nitrate was removed in the first column, and in the second column removal of excess hydrogen and oxidation of residual nitrite to nitrate took place.
More recently, Sakakibara and Kuroda (1993) reported a different approach: hydrogen was generated in the denitrification reactor by electrolysis of the water to be treated. They studied a batch system consisting of two interconnected reactors, cathodic and anodic. Prior to start up, a biofilm was allowed to develop on the surface of the cathode, by batch cultivation in a rich organic medium. When a biofilm was visible, the electrode was transferred to the reactor and connected to the power supply; hydrogen generated at the cathode was immediately taken up by the microorganisms on its surface.
In the study presented here hydrogen was also generated in the water to be denitrified, with the objective of developing a continuous system which would be simple, stable and amenable to upscaling. Important design features are: (a) a cation permeable membrane separating the electrodes to prevent O 2 generated at the anode from reaching the water to be treated while allowing transfer of H + , (b) a large surface area for biofilm establishment to be provided by a bed of granulated activated carbon (GAC), and (c) biomass development under operating (autotrophic) conditions. Two configurations were studied: a single reactor (ECBR) with the biomass in the cathode compartment of the electrochemical cell (EC), and a system consisting of two distinct units (EC+BR), an electrochemical cell and a bioreactor (BR).
The net chemical reaction describing the hydrogen-dependent denitrification reaction is:
The hydrogen is provided by the cathodic reaction: 10 e + 10 H 2 O→ 5 H 2 + 10 OH -
Combining equations (2) and (3) and rearranging:
10 e + 2 NO 3 -+ 12 H + → N 2 + 6 H 2 O (4)
Assuming that the sole anodic reaction is:
5 H 2 O→ 2 1/2 O 2 + 10 H + + 10 e (5) and that there is no separation between the anode and cathode (undivided electrochemical cell) then the net reaction is given by:
In this case, one equivalent of acid is needed for each mole of nitrate. If the EC is separated by a cation-exchange membrane and dilute sulfuric acid is used as an anolyte, then most of the current, about 95%, will be carried through the membrane by protons. Thus, similar demand for acid is expected in both the divided and undivided electroreactors, and only minor pH changes are expected at the concentrations of nitrate tested.
Materials and method
Experimental set-up
The two systems used, ECBR and EC+BR, are schematically represented in Figure 1 . The EC is shown in detail in Figure 2 and was identical in both systems, except for the differences in dimensions presented in Table 1 . A Nafion cation-exchange membrane separated the two electrodes and Hypalon rubber spacers (6 mm thick in the cathode side of ECBR, 3 mm thick in all other cases) intercalated between the membrane and the electrode created cathodic and anodic chambers. Plates of rubber (3 mm thick), PVC (1 cm thick) and stainless steel (1 cm thick), in this order, followed each electrode, and the different layers were held together by four stainless steel bolts. The anodes were cut from a 2 mm thick plate of titanium coated with platinum-iridium oxide, and the cathodes were made from 5 mm thick graphite plates. The electrodes were connected to a DC power supply. The EC was kept in the vertical position, and peristaltic pumps regulated the flow of solutions: 0.1 N H 2 SO 4 was recirculated in the anodic chamber and the feed solution (tap water amended with 0.29 g H 3 PO 4 l -1 , 70 mg NaHCO 3 l -1 and nitrate) flowed through the cathodic chamber. The feed reservoir was gently sparged with N 2 . Packed beds of pre-washed 0.85-1.70 mm matrix granulated activated carbon (GAC) served as physical support for the biomass; their characteristics are summarized in Table 1 . In the EC+BR system the feed solution was enriched in the EC with hydrogen prior to entering the BR. All experiments were carried out at 26±1ºC.
The bacterial inoculum consisted of a mixture of four denitrifying strains isolated from a previous reactor and was prepared by cultivation in nutrient broth for 48 h, harvesting by centrifugation and washing, and resuspension in mineral medium (Schlegel et al., 1961) ; the suspension was recirculated through the packed bed for 3-5 days. The original inoculum was an enrichment culture (in mineral medium and under an atmosphere of 6% H 2 and 94% N 2 ) of sediment from an oxidation pond.
The systems were operated at various water velocities and current intensities. A water velocity of 1 m d -1 corresponded to a feed rate of approximately 0.29 ml min -1 in the ECBR and 1.1 ml min -1 in the EC+BR. Figure 1 Schematic representation of the ECBR (left) and EC+BR (right) denitrification systems
Analytical determinations and bacterial counts
Nitrate was determined by the colorimetric method of Cataldo et al. (1975) , and nitrite and ammonia were assayed according to Standard Methods (1992). Colony forming units (CFU) in the influent and the effluent were counted by standard plating techniques on R2A agar (Difco Laboratories).
Results
The EC+BR system was operated for three months at nitrate load of approximately 23 mg N l -1 , and at water velocities and current intensities of 1.06-4.12 m d -1 and 40-80 mA respectively (Figure 3 ). Total removal of nitrate was achieved during most of the time (Figure 3a) . Breakthrough of significant concentrations of nitrate (up to 11 mg N l -1 ) occurred only on days 32-69, while the water velocity was raised from 1.45 to 4.12 m d -1 , at 50 and 80 mA current intensities (Figure 3a and b) .
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376 Figure 2 Schematic representation of the electrochemical cell Figure 3 Rates of denitrification and changes in concentrations of nitrate and nitrite in the EC+BR system operated at various water velocities and current intensities
In general, the concentrations of nitrite in the effluent were low (Figure 3a) . The highest breakthrough of nitrite, 7 mg nitrite-N l -1 , occurred during the start up period as the water velocity was raised to 3 m d -1 . The highest rate of denitrification achieved was 0.18 kg N m -3 d -1 when 22 mg N l -1 were removed in 1.4 h (Figure 3a and b). Denitrification had little effect on the water pH, and it increased the number of bacteria (CFU) by approximately 10 2 , from the order of 10 3 in the influent to the order of 10 5 ml -1 in the effluent (results not shown).
The ECBR system ran for three months at current intensities of 20 and 40 mA, while the water velocity varied from 1.61-3.43 m d -1 in order to allow the breakthrough of at least 5 mg nitrate-N l -1 (Figure 4) . Nitrite was usually not detected in the effluent, and only once was its concentration above 0.5 mg N l -1 (Figure 4a ). The highest rates of denitrification achieved were around 0.45 kg N m -3 d -1 (Figure 4b, days 25-40) , when a retention time of only 17 min was needed for the removal of 18 mg N l -1 . However, this was followed by an increase in nitrate washout and a decline in the removal rates which remained close to 0.25 kg N m -3 d -1 until the end of the experiment (Figure 4b) . In contrast to what was observed before, changes in water velocity had little effect on the overall performance of the system. The deterioration observed after day 40 appeared to be due to the formation of scale which by the end of the experiment was found to cover the cathode and bind the GAC particles in a hard block in the lower half of the bed. This reduced the effective surface area of the cathode, diminished the biofilm area and limited mass transfer. Changes in pH and bacterial counts in the effluent water were of the order of magnitude of those in the EC+BR system.
Discussion
The first objective of this study was to determine the feasibility of our basic design of a bioelectrochemical denitrification process for potable water. The second objective was to I. Kiss et al.
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Figure 4 Rates of denitrification and changes in concentrations of nitrate and nitrite in the ECBR system operated at various water velocities and at current intensities of 20 and 40 mA compare the efficiency, stability and convenience of operation of two configurations, ECBR and EC+BR, with a view to future upscaling. Work is still in progress in order to determine (under conditions of oversupply of nitrate) the effects of water velocity and current intensity on the rates of denitrification; the results obtained will allow the optimization of each system and the well grounded comparison between them. However, the preliminary studies presented above have already yielded important information.
Both systems required short start-up periods. Elution of nitrite was usually negligible or undetected in the ECBR (Figure 4a ). Nitrite was detected more frequently in the EC+BR, albeit at low concentrations (Figure 3a) . Low accumulation of nitrite is an important consideration in drinking water denitrification. It is sufficient to lower the concentration of nitrate-N to 11.29 mg l -1 (WHO, 1984) , but in practice breakthrough of relatively high concentrations of nitrate is frequently accompanied by high concentrations of nitrite.
As discussed above, with the exception of short periods between days 32 and 69, the EC+BR system operated under limiting supply of nitrate. During these stages 22 mg N l -1 were removed in 1.4 h (Figure 3) , a residence time lower than those reported by and Kurt et al. (1987) .
The ECBR system ran under non-limiting supply of nitrate, and its performance was closer to its true capacity, although the current intensity was not optimized. Denitrification rates of up to 0.45 kg N m -3 d -1 were measured when a residence time of 17 minutes only was required for the removal of 18 mg N l -1 (Figure 4) .
The overall performance of the ECBR appeared to be superior, but formation of scale on and around the cathode was a problem. In the EC+BR system, deposits accumulated on the cathode were not in direct contact with the biomass and could be easily removed by disconnecting the BR from the EC for a few minutes while flushing the cathodic compartment with a diluted acid solution. A possible strategy to prevent formation of scale in the EC+BR is to periodically disconnect the BR, and switch the polarity of the electrodes for a few minutes.
The EC is the most complex and expensive component, and increasing the volume of the bed will be more costly than using a small EC with a larger BR. This makes the EC+BR more suitable for upscaling.
In conclusion, the bio-electrochemical process tested is feasible, economical and simple. The overall quality of the denitrified water is good, requiring only desinfection, as is usual in other biological treatments of drinking water.
